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Abstract
Introduction: Chondral injuries are becoming increasingly common in the
paediatric knee. First line surgical therapy is usually microfracture (MF), but
the emergence of alternative techniques raises the question of what is the
optimal treatment in paediatric patients.
Sources of data: A comprehensive search of PubMed, OVID, Web of Science,
SportDiscus and Cochrane databases was performed using the key words
‘autologous chondrocyte implantation, MF, mosaicplasty, juvenile, paediatric’.
Areas of agreement: Each technique demonstrated a signiﬁcant post-surgi-
cal improvement in clinical outcome scores. However, MF demonstrated
poorer outcomes in larger lesions (>3 cm2) and shorter durability.
Area of controversy: The quality of the available literature is poor, and there
is a lack of comparative trials.
Growing points: The impact of defect characteristics, mechanism of injury
and concomitant surgeries should be investigated.
Areas timely for developing research: Appropriately powered randomized
controlled trials with suitably long follow up and condition-speciﬁc outcome
measures should compare different techniques against each other and placebo.
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Introduction
Chondral and osteochondral injuries of the knee
are becoming increasingly prevalent in the paediatric
population.1 Traumatic cartilage lesions often occur
concurrently with other knee pathologies, such as
meniscal tear, ligament rupture and most commonly
with acute lateral patellar dislocations, in which
osteochondral fractures are reported in 25–75% of
cases.2 The most common cause of a non-traumatic
chondral defect of the juvenile knee is osteochondri-
tis dissecans (OCD),3,4 a chronic condition, charac-
terized by subchondral bone necrosis.5 These injuries
are serious, as they have the potential to progress to
early osteoarthritis.6,7
Conservative management includes immobiliza-
tion, activity modiﬁcation and physiotherapy.8 If this
fails, surgical treatment is often indicated for these
lesions to maintain the integrity of the knee and
prevent future degeneration. For an acute osteochon-
dral injury with a salvageable fragment, the optimal
management is prompt reduction and ﬁxation, often
with metallic cannulated screws, although newer
bioabsorbable devices have shown equally promising
results.3,8 Success rates between 81.8% and 94%
have been reported for this technique.8
For lesions that are unsuitable for internal ﬁx-
ation, ﬁrst line therapy is microfracture (MF). This
technique uses an awl to stimulate the underlying
subchondral bone marrow and produces a ﬁbrin clot
in the defect. The clot contains pluripotent mesen-
chymal stem cells that are able to differentiate into
ﬁnrochondrocytes.9,10 The resulting ﬁbrocartilagi-
nous repair tissue has a relatively high content of
type I collagen, and hence inferior biomechanical
characteristics compared with the native hyaline car-
tilage.10 Second line therapies aim to restore the
native hyaline cartilage over the chondral defect, and
include osteochondral autograft transplantation (OAT),
osteochondral allograft transplantation (OALT) and
autologous chondrocyte implantation (ACI). OAT
and OALT aim to ﬁll the chondral defect with a size-
matched autograft or allograft, taken from a non-
weight-bearing area of the host knee or a fresh
cadaver knee. ACI aims to repair a defect by ﬁlling it
with cultured chondrocytes covered with a periosteal
graft (P-ACI; First generation), type I/III collagen
membrane (C-ACI; Second generation) or cell seeded
scaffold (M-ACI; Third generation).11 These techni-
ques have all shown promising long-term outcomes in
high quality studies of adult patients,12–14 but are
limited by high costs and technical complexity com-
pared with MF. Furthermore, each technique has
demonstrated superior results in younger patients,
which reﬂects the fact that the healing potential of the
paediatric knee is superior to adults,4,6 with more efﬁ-
cient cartilage regeneration and less comorbidity.1,15
Although outcomes from these cartilage repair
techniques have been extensively documented in the
adult knee, controversy regarding the optimal treat-
ment still exists. Furthermore, the literature on the
paediatric knee is scarce. Therefore, this review aims to
answer the following questions: (i) what is the quality
of the current literature on surgical management of
chondral defects in the paediatric knee? (ii) Which pro-
cedure has demonstrated the best clinical outcomes:
MF, OAT, OALT or ACI (iii) Are there any patient- or
defect-speciﬁc factors that affect surgical outcomes?
Methods
A systematic review of the literature was conducted
using the following databases: PubMed, OVID, Web
of Science, SportDiscus and the Cochrane Central
Register of Controlled Trials. The search was per-
formed on December 1, 2014 . Search terms included
the following: ACI, matrix-assisted ACI, MF, marrow
stimulation, OAT, OALT, mosaicplasty, osteochondral
plugs, adolescent, children, teenage, juvenile, imma-
ture and paediatric. The Boolean operators OR and
AND were used to increase the speciﬁcity of the
search. Levels of evidence I–IV (according to the
Oxford Centre for Evidence-Based Medicine used by
the American version of the Journal of Bone and
Joint Surgery16) were assessed.
The inclusion criteria were the following:
• English language.
• Human subjects.
• Level I–IV evidence.
• Evaluation of the paediatric population. We
deﬁned this as ≤21 years old for two reasons: (i)
research on the expression of cartilage-speciﬁc
markers in chondrocytes has determined that the
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border between juvenile and adult may be up to
20 years.17 (ii) To allow inclusion of studies report-
ing patients ≤21 years old. If a study contained
both adult and paediatric data, the article was
included if the outcomes were reported separ-
ately, so that paediatric data could be extracted.
• Reports clinical or functional outcomes from car-
tilage repair surgery.
• Evaluation of the knee joint only (including medial
and lateral femoral condyles (LFCs), trochlea,
patella and medial and lateral tibial plateaus).
• Studies that compared one procedure against
another. e.g. OAT compared with MF.
• Studies involving other concomitant surgical in-
terventions, provided they were clearly explained,
and there was the only one procedure for cartil-
age repair.
• Results of studies with a minimum follow up of
12 months.
The exclusion criteria were the following:
• Studies not published in English.
• Reviews, case reports, expert opinion, commen-
tary, surgical techniques, letters to the editor,
basic science investigations,or animal studies.
• Studies that included adults only (>21 years), or
failed to report paediatric results separately.
• Studies in which two cartilage repair procedures
were performed concomitantly.
• Results of studies with a minimum follow up of
<12 months.
• Evaluation of any joint other than the knee
(including talus, humeral head, femoral head and
acetabulum).
The initial search of all databases produced 517
results. Figure 1 shows the application of the inclu-
sion and exclusion criteria. Removing duplicates,
and applying initial search ﬁlters (English language,
abstract available and human subjects) left 124 results.
This number was further reduced to 30 after excluding
papers based on title/abstract. Articles were regarded
as relevant and warranting inclusion if they described
clinical or functional outcomes from cartilage repair
in the paediatric knee. Where there was uncertainty
about inclusion of a study based on its title and
abstract, the full article was retrieved. After strictly
applying all other exclusion criteria, 13 articles were
chosen for inclusion in this review.
To assess the quality of the studies we used the
Coleman Methodology Score (CMS).18,19 The CMS
was initially designed for the grading of clinical
studies on patellar and Achilles tendinopathy. We
used a modiﬁed ColemanMethodology Score (MCMS)
(Table 1) to assess the methodology of our included
studies with the use of ten criteria, giving an overall
score between 0 and 100 (excellent, 85–100; good,
70–84; fair, 55–69 and poor, <55), with 100 signify-
ing a study that optimally limits chance, bias and
confounders.
Results
A total of 13 studies satisﬁed the inclusion cri-
teria.1,4–6,15,20–27 Table 2 shows study demographics
and patient speciﬁc data. Table 3 reports defect spe-
ciﬁc data, concomitant procedures, outcome scores
andMCMS scores.
The studies comprise Level I (1), Level II (2) and
Level IV (10) evidence. Eleven studies consisted of
paediatric patients only. Two reported a sample of
both adult and paediatric patients,22,26 and were
included in this review, as it was possible to extract
the paediatric data. The mean MCMS score was
63.5 (fair quality) (Table 2). The most common
methodological limitations within studies were the
study design, sample size and length of follow up.
There were a total of 285 paediatric patients, but
both pre- and post-operative results were only avail-
able for 273 of these patients. There were 182 male
and 103 female patients in total, with a mean follow
up ranging from 1 to 8.4 years. These patients under-
went one of four surgical procedures: microfracture
(MF; 58 patients), osteochondral autograft trans-
plantation (OAT; 49 patients), osteochondral allo-
graft transplantation (OALT; 56 patients) and ACI
(118 patients). Within the ACI group, patients were
further categorized as ACI with a periosteal graft
(P-ACI; 90 patients), ACI with a collagen type I/III
membrane (C-ACI; seven patients), matrix-assisted
ACI (M-ACI; 18 patients) and bone marrow stem
cell implantation (BMSCI; three patients). The two
most common aetiologies of knee chondral injury
Cartilage repair in injuries in the paediatric knee, 2015, Vol. 116 95
 at Queen M
ary, University of London on January 4, 2016
http://bm
b.oxfordjournals.org/
D
ow
nloaded from
 
Fig. 1 Flowchart of database search; including application of inclusion/exclusion criteria.
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reported were trauma (94 lesions) and OCD (180
lesions). Other causes included chondromalacia patel-
lae (2 lesions), degeneration (4 lesions), osteochondral
fracture (2 lesions), avascular necrosis (7 lesions) and
infection (1 lesion). Four patients had an unknown
mechanism of injury. The mean defect size ranged
from 1.2 to 7.1 cm2 and the most common site of
defect was the medial femoral condyle (MFC; 106
defects), followed by the lateral femoral condyle
(LFC; 70 patients), patella (48 defects), trochlea (14
defects) and tibial plateau (4 defects). One study
failed to report the mean defect size,5 and another
failed to report the location of the defects.21
All studies utilized subjective outcome scores.
The following scores were used: IKDC (International
Knee Documentation Committee; three studies),28
ICRS (International Cartilage Repair Society; two
studies),29 Lysholm-Gillquist (four studies),30 KOOS
(Knee injury and osteoarthritis outcome score; one
study),31 modiﬁed Cincinnati knee score (two studies),32
Tegner-Lysholm (three studies),30 Bentley (one study),
Meyer (one study), modiﬁed D’Aubigne Postel scale
(two studies), NAS pain score, Hughston and VAS
pain score (visual analogue scale; one study).33
Discussion
This systematic review assessed the quality of the
current literature on cartilage repair in the paediatric
knee, and speciﬁcally investigated the outcomes from
MF, OAT, OALT and ACI in this patient population.
Key ﬁndings
Each article included in this review reported a signiﬁ-
cant improvement in clinical outcome scores after
surgery, with the exception of Behrens et al., who
reported poorer outcomes after ACI at 2.6 years
follow, albeit in only four patients.26 Gudas et al.
described a randomized controlled trial, comparing
OAT against MF.21 Both procedures demonstrated a
signiﬁcant improvement in outcome scores com-
pared with pre-treatment, but only 63% of patients
after MF maintained good results after 4.2 years
follow up, compared with 83% after OAT. Further-
more, the MF group showed signiﬁcant deterioration
over the follow up period, but were still signiﬁcantly
improved compared with pre-surgical evaluation.
In addition to clinical outcome scores, the ability
to return to pre-injury activity was mentioned in
seven studies, but only quantiﬁed in four. Lyon et al.15
reported that all patients returned to sports 12 months
after OALT surgery, and Sasaki et al.25 reported the
same 6 months after OAT. Mithofer et al.1 reported
that 60% of patients returned to pre-injury level after
ACI, whilst 96% returned to a similar high standard at
3.9 years follow up. Gudas et al. 21 reported that 32%
of patients treated withMF achieved pre-injury activity
level at 14.1 months, but only three remained at the
same level after 4.2 years. The same study reported
that 21 of 25 (84%) patients treated with OAT
achieved the pre-injury activity level at 11.7 months,
and 17 of 21 (81%) were practicing sports at the
same level after 4.2 years.
The studies in this review highlighted that defect
speciﬁc factors also inﬂuenced clinical outcomes,
particularly in MF. Three papers reported that superior
outcomeswere produced byMF in lesions <3 cm2,6,21,24
as repeatedly documented on adult patients.34,35
Furthermore, Salzmann et al.24 reported that MF
was more successful with lesions in the femoral
condyles, rather than trochlear, tibial or patellar
lesions. Outcomes from OAT, OALT and ACI did
not show variability with lesion size or location in
paediatric patients. However, Lyon et al.15 stated
that lesions >8 cm2 were too large for treatment
with OALT, given the difﬁculty in obtaining suit-
able allografts, and Macmull et al. stated that OAT
Table 1MCMS criteria
Criteria Maximum score
Study size 10
Mean follow up (years) 10
Number of different cartilage repair
methods (excluding procedures
for concomitant injuries)
10
Study design 15
Description of surgical technique 10
Postoperative rehabilitation described? 5
Complications discussed? 10
Outcome criteria 10
Procedure of assessing outcomes 10
Description of subject selection process 10
Total 100
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Table 2 Study and patient demographic data
Authors (Year) Design/Evidence level Patient demographics Mechanism of injury Surgical
procedure
Mean follow up
(Years)
P. Behrens et al. (2006) Prospective clinical
investigation/Level II
Number = 7 (4 with complete
follow up assessments)
Mean age = 18.8
M (1), F (3)
Unknown (4) M-ACI 2.6
X.S. Dai et al. (2012) Case series/Level IV Number = 7
Mean age = 16.6 (14–19)
M (5), F (2)
OCD (5)
Trauma (2)
M-ACI 1
R. Gudas et al. (2009) Prospective RCT/Level I Number = 47
Mean age = 14.3 (12–18)
M (28), F (19)
OCD (47) OAT (25)
MF (22)
4.2
R. Lyon et al. (2012) Case series/Level IV Number = 11 (13 lesions)
Mean age = 15.2 (13–20.4)
M (6), F (5)
OCD (13) OALT (13) 2.0
S. Macmull et al. (2011) Case series/Level IV Number = 35 (31 with complete
follow up assessments)
Mean age = 16.3 (14–18)
M (22), F (9)
OCD (11)
Trauma (15)
Chondromalacia patellae (2)
Infection (1)
P-ACI (18)
C-ACI (6)
M-ACI (7)
5.5
L.J. Micheli et al. (2006) Multi-centre observational
prospective cohort
study/Level II
Number = 37 (32 with complete
follow up assessments)
Mean age = 16 (11–17)
M (22), F (15)
OCD (14)
Trauma (29)
P-ACI 4.3
K. Mithofer et al.
(2005)
Case series/Level IV Number = 20 (29 total lesions in
23 knees)
Mean age = 15.9 (12–18)
M (15), F (5)
OCD (14)
Trauma (9)
P-ACI 3.9
K. Miura et al. (2007) Case series/Level IV Number = 12
Mean age = 16.0
M (9), F (3)
OCD (12) OAT (12) 4.5
R.T. Murphy et al.
(2014)
Case series/Level IV Number = 39 (43 knees)
Mean age = 16.4 (11–17.9)
M (26), F (17)
OCD (26)
Avascular necrosis (7)
Trauma (6)
Other osteochondral fracture (2)
Degenerative chondral lesion (2)
OALT (43) 8.4
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was unsuitable for larger lesions because of donor
site morbidity.6
Biopsy assessment was undertaken in 2 of 13
articles included in the present systematic review.
Macmull et al.6 demonstrated that 12 patients (50%)
formed ﬁbrocartilage at the graft site one year after
ACI. In the adult literature, instead, biopsy assessment
showed a majority of hyaline cartilage formation after
ACI in most instances.14 Gudas et al.21 biopsied 11
OAT patients, and reported that they all demonstrated
hyaline cartilage repair tissue one year postopera-
tively, whereas the 14 MF patients in the same study
demonstrated inferior ﬁbrocartilage repair tissue.
Strengths and limitations
The major strength of this systematic review is that it
is the ﬁrst of its kind on cartilage repair procedures
in the paediatric knee. Therefore, orthopaedic sur-
geons can use it to guide their decision making when
treating paediatric patients.
This review included a comprehensive search
of ﬁve major databases, with broad inclusion and
exclusion criteria that were speciﬁc to its purpose.
One study included was level I evidence,21 two
studies were Level II evidence,4,26 and three studies
had an MCMS>70 (good quality).1,6,21 The mean
follow up across all studies was 4.15 years, with only
one reporting follow up <2 years.
The quality of the evidence included in this review
is an important limitation to the ﬁndings. Two articles
were graded as poor (MCMS<55),24,26 and seven as
fair (MCMS<69).4,5,15,20,22,25,27 Furthermore, there
was only one RCT,21 and the two Level II studies
were graded as fair and poor respectively.4,26 Only
one article reported a comparative trial of two differ-
ent techniques.21 Another limitation is the absence of
a control group across all studies, and the large
number of potential confounders, such as patient
demographics, defect characteristics, mechanism of
injury and concomitant or previous surgeries.
Some of the outcome measures used in the studies
may also face validity criticism. Only the KOOS,
IKDC, ICRS and Lysholm-Gillquist scores have been
validated for knee cartilage lesions.28–31,36 Three
studies failed to include any of these scores,4,6,22G
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Table 3 Defect speciﬁc data, concomitant procedures, outcomes andMCMS
Authors (Year) Defect size /location Concomitant procedures Clinical outcome scores MCMS
P. Behrens et al.
(2005)
Mean defect
size = 4.35 cm2
MFC (1)
LFC (2)
Patella (1)
Unknown Meyer, Tegner, Lysholm,
ICRS
48
X.S. Dai et al.
(2012)
Mean defect size = 7.1 cm2
(4–12)
MFC (4)
LFC (2)
MFC/trochlea (1)
Meniscal repair (1),
Subchondral bone grafting (2)
IKDC, ICRS, Lysholm,
KOOS
60
R. Gudas et al.
(2009)
Mean defect
size = 3.20 cm2 (OAT),
3.17 cm2 (MF)
Unknown ICRS, Tegner 96
R. Lyon et al.
(2012)
Mean defect size = 5.1 cm2
MFC (4)
LFC (7)
Patella (1)
Trochlea (1)
Unknown Modiﬁed
D’Aubigne-Postel
scale
59
S. Macmull et al.
(2011)
Mean defect
size = 5.26 cm2
(0.96–15.8)
MFC (14)
Patella (7)
LFC (6)
Trochlea (3)
Malalignment (1)
Bone deﬁciency correction (2)
VAS, Bentley, modiﬁed
Cincinnati
72
L.J. Micheli et al.
(2006)
35 single defects, mean
size = 5.4 cm2
2 multiple defects, mean
total defect
size = 2.8 cm2
MFC (22)
LFC (15)
Debridement (30)
Fragment reattachment/
removal (14)
Meniscal repair (6)
Patellar realignment (5)
Ligament repair (3)
Internal ﬁxation of OCD
lesion (2)
Modiﬁed Cincinnati 59
K. Mithofer et al.
(2005)
Mean defect size = 6.4 cm2
MFC (14)
LFC (6)
Trochlea (4)
Tibial plateau (2)
Patella (1)
Autologous bone grafting (2)
ACL reconstruction (2)
Meniscal repair (4)
Tibial tubercle osteotomy (1)
Lysholm, Tegner 70
K. Miura et al.
(2007)
Mean defect size = 2.4 cm2
MFC (10)
LFC (2)
Patellofemoral realignment (1)
Lateral discoid meniscentomy (1)
Hughston rating scale 64
R.T. Murphy et al.
(2014)
Mean graft size = 8.4 cm2
MFC (18)
LFC (15)
Patella (3)
Trochlea (2)
Tibial plateau (1)
Multiple sites (4)
Epiphysiodesis (1)
High tibial osteotomy (1)
Tibial tubercle osteotomy (1)
Hardware removal (2)
MF/drilling MFC (3)
Loose body removal (3)
Proximal patellofemoral
realignment (3)
Repair of lateral meniscus (1)
Merle d’Aubigne-Postel
scale, IKDC, Knee
Society function score
71
Table continues
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which may limit the validity of their ﬁndings, although
all outcome scores reported were validated for other
knee pathologies.37 The Cincinnati and Tegner activ-
ity scores are validated for other knee injuries, and the
D’Aubigne Postel scale, which was used in two
studies, has not been validated for the knee.15
The studies in this review also lacked a long-term
assessment of patients into adulthood, with a mean
follow up of 4.15 years. Therefore, we cannot com-
ment on the long-term durability and survivorship of
the repaired cartilage defects, and determine whether
there is a reduced risk of subsequent osteoarthritis,
or a requirement for joint reconstruction in the long-
term. Finally, articles published in languages other
than English and unpublished materials were not
included in this review, which may have resulted in a
language selection bias.
Future directions
There is an urgent need for more high quality studies
on the management of articular cartilage injury in
young patients, including large prospective, rando-
mized controlled trials, with very strict patient cri-
teria regarding site, size and aetiology of lesion and
comparisons between different repair techniques, or
with a placebo group. These studies should also
control for potential confounders such as preopera-
tive duration of symptoms, past surgical history and
concomitant procedures. Finally, there should be a
control group similar to the intervention group in all
features other than the intervention performed.
Conclusion
This systematic review shows that MF, OALT, OAT
and ACI have all been implemented successfully in
the paediatric knee. However, MF was generally
associated with poorer outcomes, and shorter dur-
ability than the other techniques, particularly in
larger lesions (>3 cm2). The superiority of the other
techniques was attributed to the more anatomical
hyaline cartilage repair tissue they formed, compared
with the less durable ﬁbrocartilage tissue produced
after MF. Whilst MF is technically the simplest
Table 3 Continued
Authors (Year) Defect size /location Concomitant procedures Clinical outcome scores MCMS
G.M. Salzmann et al.
(2012)
Mean defect size = 1.2 cm2
MFC (3)
LFC (2)
Trochlea (2)
Patella (2)
Tibial plateau (1)
Unknown IKDC, Lysholm, Tegner
NAS
40
K. Sasaki et al.
(2012)
Mean defect size = 2.7 cm2
MFC (8)
LFC (4)
Unknown IKDC, Lysholm 64
J.R. Steadman et al.
(2014)
Mean defect
size = 1.77 cm2 (MFC),
1.88 cm2 (LFC),
2.09 cm2 (patella)
MFC (8)
LFC (9)
Patella (10)
Trochlea (1)
ACL reconstruction (6)
Other ACL repair (4)
Partial meniscectomy (3)
Meniscus repair (3)
Lysholm, Tegner, 62
B.J.X. Teo et al.
(2012)
Patella (23) Realignment procedures in some
patients due to patellar
instability (number not
speciﬁed)
IKDC, Lysholm, Tegner 60
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procedure, its selection as ﬁrst line therapy for chon-
dral lesions in the paediatric knee can be questioned.
This review could not however answer the question
of which alternative technique should be preferred,
given the general low quality of the literature and
lack of comparative trials. Only further prospective
RCTs will elucidate the optimal surgical treatment
for focal chondral injury in the paediatric knee.
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